Strength of bone fixation depends in part on the mechanical properties of the bone surrounding the implant. One common metric of bone quality is the bone density levels (Lekholm and Zarb, 1985) . Whether the implant is surrounded by cortical bone or trabecular bone makes a significant difference in interfacial stresses (Borchers & Reichart, 1983; Lavernia et al., 1982) . Lavernia et al. (1981) reported significant change in stress magnitude when bone properties are switched between trabecular and cortical. Kitoh et al. (1978) and Bozkaya et al. (2004) showed that the occlusal force applied to the implant is supported primarily by the cortical bone.
Implant-contour
The long term outcome of the implant treatment is influenced by the loading experienced by the bone, in several different respects. In general, excessive micro-motion of the boneimplant interface should be avoided, while providing adequate stimulation to promote healing and remodeling response (Brunski, 1999) . The shape of the implant contour, and its local features have a considerable influence on bone healing and maintenance. Siegele and Soltesz (1989) compared the load transfer characteristics of five different implant shapes. Considered contours were cylindrical, conical, stepped, internally hollow cylindrical and externally threaded. They showed that under vertical load, lower stresses are induced in the bone with smoother implant shapes such as cylindrical, rather than implants with small radii of curvature such as the conical shape and implants with geometric discontinuities such as stepped implant contours. Under lateral loading, large stresses were observed in the apex area of the hollow cylindrical implant, and below the uppermost thread of the externally threaded implants. Holmgren et al. (1998) reported that the stepped implant design levels out the stress distribution better than a cylindrical design. Rieger et al. (1989a Rieger et al. ( , 1990a Rieger et al. ( , 1990b investigated the effect of implant geometry and the elastic modulus of the implant materials on the stress distribution for different implant designs. A tapered design made of a material with high elastic modulus was concluded to be the most suitable design in their study. Weinstein et al. (1976) investigated a porous rooted dental implant and concluded that high bone-level stresses are induced near the apex of the implant in a model with continuously bonded interface. In their comparative evaluation of five commercially available implant systems, Bozkaya et al. (2004) showed that implant systems with internally sloping crestal modules are better at reducing the bone overload in the cortical bone, whereas systems with widening crestal-modules cause bone overload in compression. Kong et al. (2008) suggested that neck taper (collar slope) ranging from 64° to 70°and end (apex) fillet exceeding 0.8 mm result in the optimal stability of implant. Siegele and Soltesz (1989) reported a high failure rate in the hollow cylindrical implants due to low primary stability. Moreover, the conical or shoulder-type implants distributed high stress level at the bone interface. Rounding off the corners of the implant was found to have a significant effect on reducing the stress (Siegele & Soltesz, 1989) . Faegh and Müftü (2010) showed that cylindrical implants with no external threads induce low stresses along the bone-implant interface in the trabecular region, and indicated that this might lead to inadequate bone stimulation. Cylindrical implants are no longer recommended due to problems with osseointegration and high failure rates (Schenk & Buser, 1998) . Vaillancourt et al. (1995) investigated the possible causes of bone loss in the crestal bone surrounding both porous-coated implant and non-porous-coated regions of a partially coated implant designs. They reported that lower stress level was transferred to the crestal bone region in the case of partially-porous implant, where crestal bone loss was mostly www.intechopen.com observed. They attributed this to disuse atrophy. A sufficient stress level of 1.6 MPa was reported to avoid bone loss resulting from disuse atrophy by histological studies.
Externally threaded implants
There are several advantages associated with externally threaded implants. Threads improve primary implant stability during the implant insertion (Misch, 1999b) and thus reduce micro-motion during the post insertion healing period until the stable osseointegration is established. This characteristic is of more importance in the regions of low bone density and in the submerged implant placement modality (Frandsen et al, 1984) . In addition, applied (mastication) forces are diverted in normal and tangential directions to the faces of the thread and amplified in certain thread locations. This is beneficial in providing adequate loading for long term bone maintenance (Faegh & Müftü, 2010) . Finally, bone growth between the threads provides the macro-level interlocking. There are different types of externally threaded implants available in the market, which vary in thread pitch, shape and depth. Since the morphology of screw threads plays an important role in the load transfer from dental implant to the surrounding bone (Frandsen et al, 1984) , usage of different thread configurations for different bone qualities have been suggested (Misch, 1999a (Misch, , 1999b Misch et al., 1998 Misch et al., , 2001 . In a finite element study carried out by Moser and Nentwig (1989) , it was observed that using screw threads with an apically increasing screw thread depth reduces tension in the cervical area when implant was apically loaded. Similarly, Huang et al. (2010) suggested that external threads reduce the stress and sliding at the interface. Chun et al. (2002) reported that maximum effective stress in the cortical bone is higher in the plateau design as compared to the triangular or square thread designs. In another study carried out by Patra et al. (1998) , tapered thread design implants were found to distribute higher stress levels in bone as compared to the parallel profile thread. Use of external threads on the implant body with some micro-scale roughness was reported to enhance osseointegration (Skalak, 1988) . It was observed that inclined faces of threads allow for normal stress to be carried perpendicular to the interface. Transmission of shear stress can benefit from microasperities on the interface which work along each of the faces of a screw in a similar way that the screw threads work (Skalak, 1988) . Faegh & Müftü (2010) carried out a systematic analysis of various implant designs with and without external threads. They showed that threads increase the interfacial stresses locally and could help in stimulating bone remodeling.
Implant diameter
Wider diameter implants provide increased implant-bone contact area, enable the engagement of the implant to the buccal and lingual (BL) faces of the bone, and have the ability to occupy the tooth socket especially in the posterior regions. These inherent characteristics of wide diameter implants significantly improve initial implant stability, which leads to the increase in likelihood of osseointegration (Langer et al., 1993; Renouard et al., 1999; Trauhlar et al., 1997) . Wide diameter implants also provide higher mechanical strength to avoid implant fractures (Jarvis, 1996) . Wide and short implants provide the advantage of avoiding sinus elevations and extensive bone augmentation procedures in regions of limited bone height due to the existence of alveolar nerve in the mandible and maxillary sinus in the maxilla, and potentially prevent the costs associated with bone grafting procedures (Blatz et al., 1998; Graves et al., 1994; Jarvis, 1996; Langer et al., 1993) . Overall advantages of wide diameter implants include improved prosthetic stability, www.intechopen.com reduced screw loosening, reduced incidents of implant fracture, and more optimal force distribution in qualitatively and quantitatively poor bone (Mahon et al., 2000) . Griffin et al. (2004) conducted a clinical study investigating the application of 6  8 mm hydroxyapatite coated screw retained implants in the mandibular and maxillary molar regions and reported a 100% success rate. They observed that significant stress concentration distributed to the crestal cortical bone, at the level of the first few threads and concluded that the use of long implants to provide a larger surface area for stress distribution is not necessary. Instead larger surface area provided by wide diameter implants was deemed to be better. On the other hand in a retrospective study conducted by Aparicio & Orozco (1998) the success rates of 5 mm-and 3.75 mm-diameter implants were reported to be similar in the maxilla, while higher success rate was observed for 3.75 implants in the mandible. They attributed the high failure rate in the mandible to the overheating during surgical bone drilling, excessive tightening force during implant placement, and variations of the remodeling response of the cortical bone caused by extensive drilling. Geramy & Morgano (2004) conducted a finite element analysis comparing displacement of a standard diameter and a wide diameter implant under an occlusal load applied at the distobuccal cusp tip, and concluded that increasing the diameter of the implant will reduce both mesiodistal and buccolingual displacement of the implant system by approximately 50%. Davarpanah et al. (2001) evaluated the resistance to fracture and depth of insertion of wide diameter implants versus standard diameter implants. They found that wider diameter implants demonstrate more resistance to fracture than standard implants, which is attributed to increased surface area. Jarvis (1997) compared the 3.7 mm and 4.7 mm diameter implants and concluded that wider diameter implants decrease the induced load on the abutment screw which results in reducing implant fracture, and also the vibration of the implant that leads to loosening. Mahon et al. (2000) evaluated the stress distribution using implants with diameters 3.25, 3.75, 4, 5, and 6 mm under a load of 176 N applied 5 mm off axis. They observed that the mean stress level was highest for the 3.25 mm-diameter implant, and lowest for the 6 mmdiameter implant. High stress levels were located at the necks of the 3.25 mm implant which was consistent with the high deformation which occurred in these regions. They observed that stress level for 3.75, 4, and 5 mm diameter implants did not demonstrate large differences, however, 6 mm diameter implants showed the most reduction in the stress level. Due to this observation, they concluded that the implant diameter must be greater than a certain value in order to reduce the stress significantly. Li et al. (2011) suggested that implant with diameter greater than 4.0 mm and length longer than 12.0 mm is the optimal selection to treat tooth loss at the at locations with poor bone quality (ie. posterior mandible). Huang and Tsai (2003) reported that increasing the implant diameter and consequently the bone-implant contact area reduces stress concentration and results in improving implant stability. Chou et al. (2010) showed that the insertion depth and implant diameter affect the biomechanical response of bone, particularly between the plateaus of an implant. They indicated that the strain distribution can be optimized for long-term bone maintenance by adjusting the insertion depth for different levels of bone quality in the alveolar ridge.
Multiple implants
Using two narrow implants to support prosthesis in posterior regions has been an alternative solution to the wide diameter implant (Langer et al., 1993; Lazzara, 1994; Moscovitch, 2001) . Balshi & Wolfinger, (1997b) stated that two implants maintain a more natural replacement of the missing tooth in position and direction, and allow for the preservation of the crestal bone. Mahon et al. (2000) and Trauhlar et al., (1997) stated that use of two implants also provides a more appropriate support against buccolingual and mesiodistal bending, decreases the rotating forces around the implant axis, offers greater surface area and better biomechanical properties, and maintains prosthesis retrievability. However, there are some restrictions on using two narrow implants in the posterior regions. One of these is the cone space availability buccolingually and mesiodistally (Graves et al., 1994) . Geramy et al. (2004) compared the use of a wide diameter implant with the use of two implants and reported that use of two implants to support the restoration reduces the buccolingual displacement to the same level as the 5 mm-diameter implant. Stress distribution for both wide diameter implants and two implant design systems were compared by Balshi and Wolfinger (1997b) , who concluded that the percentage of stress reduction was almost identical for both designs. In a study conducted by Bahat and Handelsman (1996) , the failure rate of the 5 mmdiameter implants was 2.3% compared to the 1.6% failure rate of the double implants. They suggested using double implants to support restorations rather than a single implant in the molar regions, even though there were some disadvantages associated with using double implants, such as greater bone loss and higher prosthesis mobility. On the other hand, Sato et al. (2000) concluded that using double implants in molar areas does not always reduce loads on the implants however eliminates torque. They observed higher stress levels near the marginal ridge of the superstructure compared to stress field on the wide diameter implants.
Bone remodeling (cell interactions)
Unlike the bone growth or bone modeling which mostly occurs in the early age of skeletal development, bone remodeling is a process of continuous cellular activities to replace aged, injured and dead bone. Bone remodeling is a process that is composed of two consecutive, and interrelated physiological activities, namely bone resorption and bone formation. Remodeling is carried out by basic multicellular/bone metabolic units (BMUs). Normally, osteoclasts, which are responsible for resorption, are inhibited by osteoprotegerin (OPG), which is a protein secreted by osteoblasts as inhibitory signal (Carda et al., 2005) . The osteoclastic resorption is signaled by the circulating parathyroid hormone and locally secreted receptor activator nuclear kappa-b ligand (RANKL), which binds to RANK receptors on the membrane of osteoclasts (Marx, 2007) . In addition to OPG, osteoblasts also secrete RANKL so that the activation of osteoclasts and the amount of resorption are regulated. When remodeling is activated, osteoclasts are first recruited to bone surface and start to excavate the bone by releasing hydrochloric acid to dissolve the inorganic matrix, and collagenases to break down the organic matrix (Marx, 2007) . A tunnel with approximately 200 µm in diameter and 300 µm long is dug at the rate of 40 µm/day (Martin et al., 1998) . Following the resorption, there is reversal phase before the initiation of formation. A cylindrical space in the tunnel can be observed and the length of this region varies with the lag between the resorption and formation. During bone resorption, some bone morphogenic proteins and insulin-like growth factors are released as active cytokines (growth and differentiation factors), which induce the differentiation of stem cells into osteoblasts (Marx, 2007) . Bone formation is conducted by the osteoblasts, which refill the space with unmineralized bone matrix, osteoid, at a rate of about 1-2 µm/day (Martin et al., 1998) . As the osteoblastic activity continues, a tunnel with 40-50 µm in diameter called Haversian canal is left for the transportation of the nutrients to bone cells. Finally, the bone matrix deposited by osteoblasts is mineralized and turns into Haversian system, osteon. Osteoclastic activity restores to quiescent condition under the influence of osteoblasts, and bone is maintained until the aging or diseased bone triggers the secretion of RANKL by osteoblasts (Marx, 2007) . Wolff (1892 Wolff ( , 1986 observed that internal structure and density of bone depends on the load that it carries. It is generally well established that this functional adaptation is the result of the BMU activity as described above, which is triggered by some mechanical stimulus that BMUs can sense. Several theoretical models were formulated in order to quantitatively describe the functional adaptation of the bone (Hart, 2001 ). These models assume that a mechanical control signal (remodeling stimulus) governs the bone density regulation, and the BMU has the capability to respond to the changes in this signal. A biomechanical equilibrium or homeostatic state is assumed, so that bone remodeling is only triggered when the control signal deviates from this equilibrium state. Remodeling activity continues until the biomechanical equilibrium is restored and new bone morphology is established. This approach neglects the effects of hormonal, genetic and metabolic factors on bone regulation.
Theoretical models of bone remodeling

Mechanostat hypothesis
Frost proposed the mechanostat, which is a non-linear switch, to explain his experimental observations of bone remodeling (Frost, 1987 (Frost, , 2003 . He used strain as the mechanical control signal, and divided the remodeling response to four different regimes. Each regime, which he called "window," is separated by threshold strains levels. These minimum strain levels were called minimum effective strain (MES). The disuse window (DW) is the lowest strain regime. If the bone is exposed to strain levels in DW for a prolonged duration, Frost's hypothesis states that decrease in bone mass will occur. Adapted window (AW) is where bone strength is naturally accepted to sustain the strain level caused by normal daily activities. Increased strain level to the mild overload window (MOW) promotes increase of bone mass. However, further increase of strain will lead to the pathologic overload window (POW) and generate internal micro damage that cannot be repaired by normal cell activities. The following relation gives a compact representation of the mechanostat hypothesis in terms of the MES: = DW : reduced bone mass; strain < MESr AW : constant bone mass; MESr < strain < MESm Bone tissue response MOW : increased bone mass; MESm < strain < MESp
where MESr is the threshold of disuse remodeling; MESm is the modeling threshold; and MESp is the pathologic threshold. Note that what type of strain measure to be used in this theory was not precisely stated. Huiskes et al. (1987) suggested strain energy density U as the remodeling stimulus, and they proposed that the change of bone's elastic modulus (E) can be described as,
Bone remodeling base on strain energy density
where C e is a remodeling constant, U is the strain energy density of bone due to loading, U n is the homeostatic equilibrium strain energy density, and s is the fraction of U n indicating the width of lazy zone, where no net change of elastic modulus takes place. The lazy zone and the AW appear to describe the same phenomena where the bone's elastic modulus does not depend on the remodeling stimulus, in other words it is in equilibrium. Weinans et al. (1992) proposed a remodeling stimulus (S) that depends on, not only the strain energy density, but, but also on the bone density ρ , and on different types of loadings as follows,
where n is the total number of load types (i) that induce strain energy density (U i ). The density change was expresses as,
where A 1 and A 2 are remodeling constant, s is the width of lazy zone, K is the homeostatic stimulus for remodeling equilibrium. The exponents of bone formation and bone resorption are set to be 2 and 3, respectively, to simulate that resorption is a faster process than formation. Carter et al. (1987) stated that a minimum amount of daily remodeling stimulus is required for bone maintenance (Carter et al., 1987; Beaupré et al., 1990) . This daily remodeling stimulus (Ψ b ) characterizing the magnitude and cycles of loads is defined as,
Bone remodeling based on daily effective stress
where n i is the number of cycles of load type i, and m is an empirical constant to weight the relative importance of stress magnitude and number of load cycles, and σ ī is the continuum level effective stress, which is defined as,
where E is the continuum average elastic modulus and U is the strain energy density. The velocity of surface remodeling in response to the daily remodeling stimulus was formulated as follows,
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where Ψ bAS is the attractor stimulus for remodeling equilibrium, C 1 -C 4 are rate constants, and w 1 and w 2 are the boundaries of the normal activity region. Biologically, bone remodeling only occurs at the bone surface so the remodeling potential depends on the amount of available bone surface. Bone specific surface is used to quantify available bone surface for remodeling in bulk bone. The relation between the rate of density change and the rate of surface change can be expressed as,
where k is the fraction of local area, which is actively remodeling, S v is the bone-specific surface, which is determined according to apparent bone density (Martin, 1984) , and t  is the density of the fully mineralized tissue.
Modeling dental implant induced bone remodeling
Numerous clinical and histologic studies have been carried out to understand osseointegration in order to improve dental implant designs, surfaces and surgical protocols. Developing mathematical models of dental bone remodeling can help uncover biomechanical factors controlling short and long term survivability of implant treatments. Mathematical models mentioned previously were originally developed to study the phenomenon of bone adaptation to functional loads in long bone. However, simulations of bone remodeling in other bone regions such as acetabulum, proximal tibia, metacarpal, calcaneus and mandible (Carter & Beaupré, 2001; Pérez et al., 2010; Reina et al., 2007) have been reported. These long bone remodeling theories were used to study the bone remodeling, as a result of biomechanical alteration of the equilibrium state in the jaw bone due to use of dental implants (Lin et al., 2009a) . Long term bone maintenance following fixed partial denture treatment was simulated by Field et al. (2010) . A qualitative validation was reported by comparing the prediction of dental implant induced mandibular bone remodeling to clinical follow-up x-ray images over 48 months (Lin D. et al. 2010) . Marginal bone loss is a common problem following dental implantation. Crupi et al. (2004) , Li et al. (2007) and Lin C.-L. et al (2010) investigated the biomechanical causes of marginal bone loss by adding an overload bone loss criteria to remodeling equations. Lian et al. (2010) examined the effect of initial bone implant contact percentage on long term peri-implant bone remodeling and showed that 58-60% bone implant contact state develops at the equilibrium state no matter what initial contact percentage was assumed. Chou et al. (2011) , investigated the effects of bone grafts in peri-implant bone remodeling in fresh extraction sockets and predicted that graft materials that are relatively stiff and that have high equilibrium stimulus values are likely to result in increased bone loss in the long term. In addition to studying clinical scenarios, factors influencing peri-implant bone remodeling is also of great interest to implant designers. A functionally graded dental implant, where the material composition varies from hydroxyapatite at the implant apex to titanium at the implant collar, was suggested. Lin et al. (2009b) predicted that the bone density can increase for implants made of functionally graded materials, but the initial stability of implant can be compromised due to the excessive vertical displacement due to the overall reduction in implant stiffness. In Section 3, the strain energy density based remodeling theory (Section 1.2.1.2) is adopted to investigate the effects of various dental implant designs on bone remodeling. Equation (4) is first solved by the forward Euler time integration method, which gives,
where j is the integration time step. Parameters A 1 , A 2 and ∆t can be treated as a single constant. To implement these formulations into finite element analysis, bone density must be related to material properties. The general relation of density and linear isotropic elasticity is, (Carter & Hayes, 1977) , where E is the elastic modulus of bone. Empirical parameters C and d are set to be 3.79 and 3, respectively. The minimum modulus is 1 kPa. The maximum modulus is taken as 13 GPa, which corresponded to a density of 1.508 g/cm 3 . Fig. 1 . The definitions of the parameters used to identify the contour of a generic dental implant.
Load transfer along the bone-implant interface
In order to investigate the nature of load transfer along the bone implant interface, a comprehensive parametric study of different implant designs was carried out. A generic implant with adjustable contour features, much like Faegh and Müftü (2010) , was used. The normal and shear stress components, σ 11 and σ 12 acting normal and parallel to the implant surface, respectively, ( placed on the bone implant interface. Note that s = 0 represents the buccal-side and it is also marked as point-A, whereas point-J is the end of the interface path.
Fig. 2. von Mises stress distribtution in (A) the 3D model, (B) the 2D model.
Methods
Four main regions were designated to define implant geometry as the collar, body-1, body-2, and apex regions. The effects of the length, L c , and slope, θ c , of the collar region, the length, L b1 , and the diameter, D, of the body-1 region and the length, L b2 , and the slope, θ b2 , of the body-2 region were investigated. The apex was modeled to be flat. Faegh and Müftü (2010) investigated the effects of four common external thread shapes. The values they used were chosen according to the commercially available dental implants. Here we only report on the effect of a triangular thread shape, as the results and conclusions are similar. The thread geometry is defined by using three parameters. These are the thread pitch, p t , the thread depth h t , and the thread slope  t . The thread depth was h t = 0.32 mm and the thread pitch was p t = L b1 /7 in this study. The implant-abutment connection was assumed to be monolithic; and, all of the components, (implant, abutment, cortical bone, and trabecular bone) were assumed to be perfectly bonded along their individual interfaces. The (x, y) coordinate system was placed at the center of the superior surface of the implant, as shown in Figure1 and the locations of the key points (A -J) on implant geometry, were programmed to be variable. In order to eliminate effects of bone morphology, which vary in individual jaws, the external geometry of bone was simplified as an ellipse. The major and minor axes of the bone model were idealized as 30 and 18 mm respectively, and a cortical layer of 2 mm was assumed. Finite Element Method (FEM) was used and the system was modeled in ANSYS ver. 11 (Canonsburg, PA, USA). The analysis was carried out in 2D plane-strain. However, a 3D analysis was conducted to verify the level of validity of the 2D analysis. In 3D, the bone was modeled as an elliptical cylinder. The model was gradually meshed by creating extra www.intechopen.com regions around the implant with very high mesh density as in Faegh and Müftü (2010) . 3D and 2D models were meshed with the structural solid elements, SOLID 185 and PLANE 42 of ANSYS respectively. An occlusal load of 113 N was applied at the center of abutment with the direction of 11 degrees with respect to the main axis, and a moment of 90 N.mm to mimic the biting force on the prosthesis. The elastic moduli of the implant system (Ti), the cortical bone, and the trabecular bone were set to 113, 13 and 1 GPa, respectively (Rieger et al., 1989a; Steinemann, 1996) .
Results
Distribution of the von Mises stress in the bone, as predicted by 2D and 3D analyses, is presented in Figure 2 , for a smooth faced implant with the dimensions θ c = -10 degrees, L c = 1 mm, L b1 = 5 mm, L b2 = 3 mm, θ b2 = 5 mm, D = 3.3 mm. This figure shows a reasonably similar stress distribution both in magnitude and trend. Close inspection of this figure also shows that: (i) Highest von Mises stress levels are observed on the buccal side of the cortical bone, and on the superior region of implant and abutment system; (ii) In general, the trabecular bone bears relatively low levels of stress compared to cortical bone; and, (iii) Higher von Mises stress is observed near the bone implant interface. Differences in the details of the 2D and 3D stress contours are due to the boundary conditions. In the 3D analysis, the bone was restricted at the distal ends, whereas in the 2D analysis the restriction is near the inferior periphery. This results in some distinct variations in regions away from the implant, as shown in the figure. The effect of external thread shape on the von Mises stress distribution is presented for a smooth faced-implant and an externally threaded implant in Figure 3 . The general contour parameters of these two cases are described above. This figure shows the load transfer along the bone-implant interface, via the normal σ 11 and shear σ 12 stresses. For the smooth (threadless) implant the normal stress σ 11 is primarily compressive along the collar region and the apex of the implant, but it is small and tensile along the smooth faces of the body-1 and -2 regions. Jumps and stress concentrations are observed at the locations with abrupt changes in geometry and material properties. The collar region on the lingual side is seen to experience roughly 1/10 th of the compressive stress experienced on the buccal side. Variation of the normal σ 11 and shear σ 12 stresses along the bone-implant interface for the externally threaded implant is presented in Figure 3B . It is observed that the interfacial normal and shear stresses increase around the external threads. In particular, on the first thread of the buccal side, where the thread is engaged with the cortical bone, a significant σ 11 stress peak is observed . On the other hand, the general behavior of σ 11 and σ 12 , between the two implant types shows that the overall load transfer characteristics in the bone-implant interface are similar. It appears that at a local level the externally threaded implant is able to transfer higher loads to the tarbecular region. This can have significant effects on long term bone maintenance. Effects of different thread shapes are presented by Faegh & Müftü (2010) . The effects of different implant contours are investigated by changing the implant design (Table 1) . Analysis of the interfacial stresses showed that the parameters that have the highest impact on the stress magnitude are the implant diameter D, the collar parameters θ c and L c , and the length of the body-1 region L b1. The effects of these four parameters are summarized in Figure 4 . Note that this analysis was carried out for smooth (threadless) implants. Figure 4 gives the maximum normal and shear stress values transferred to the bone. Incidentally all of the maximum values are found in the collar region of the buccal side. The results presented in Figure 4 are summarized as follows:

For implants with larger diameter D the largest normal σ 11 and shear stress σ 12 transferred to the bone is reduced (Figures 4A-C) .  Increasingly negative collar slope (θ c ) causes the maximum normal stress transferred to the bone to increase, but it causes the maximum shear stress to decrease ( Figure 4A ).  Increasing the length (L c ) of the collar and length (L b1 ) of the body-1 regions cause the maximum normal stress and the maximum shear stress transferred to the bone to decrease (Figures 4B,C) . Table 1 . Implant dimensions that were varied in this work. See Figure 1 for the definitions of these variables. Note that θ c as drawn in this figure is defined to be a negative angle, whereas θ b2 is defined to be positive.
(A) σ 11 and σ 12 for smooth faced implant (B) σ 11 and σ 12 for externally threaded implant 
Simulation of dental implant induced bone remodeling
Methods
Bone remodeling around implant systems was modeled by using the remodeling theory presented by Huiskes and co-workers. Finite element method was used to assess the strain energy density in loading. Equations (9) and (10) were programmed into ANSYS. Two separate analyses are presented. The first one is a 2D plane strain analysis of bone remodeling originally presented by Chou et al. (2008) , and the second one is a 3D analysis of bone remodeling by Chou et al. (2011) . In the 2D analysis, the external bone contour of the mandible was obtained from a slice of CT scans at the premolar region in the buccal-lingual plane. A layer of cortical bone with a thickness of 1 mm was assigned. Elastic modulus and Poisson's ratio of this cortical layer are 13 GPa and 0.3, respectively. Dental implant systems considered were assumed to be made of titanium alloy (Ti-6Al-4V). Elastic modulus and Poisson's ratio are 113.8 GPa and 0.3 (Misch & Bidez, 1999) , respectively. Quadrilateral elements were used to mesh the implant bone complex, and the bottom of mandible was constrained as shown in Figure 5 . Occlusion was modeled as a concentrated force, F o = 100 N, applied on the abutment in the buccal-lingual plane at 11° with respect to vertical axis (Chou et al., 2008) . In addition, a uniform pressure (P mf = 500 kPa) was assumed on the outer periphery of cortical bone to simulate the effect of mandibular flexure during jaw movement. Remodeling algorithm was applied only to the trabecular region, which was initially assumed to have a uniform density of 0.808 g/cm 3 corresponding to an elastic modulus of 2 GPa. Poisson's ratio was taken as 0.3. Remodeling parameters in Equation (9) were K = 25 J/kg, s = 0.65 and A i ∆t = 5×10 -3 for i = 1, 2. 
100 th time step, and (D) 1300 th time step (Chou et al, 2008) . (Printed with permission from Elsevier Limited).
Results and discussion
The transient change in the bone's elastic modulus at time steps 1, 100 and 1,300 is presented in Figure 5 . This figure shows that the bone density, and hence the elastic modulus, changes gradually form a uniform initial state to a non-uniform state that is reflective of the local loading conditions. It is seen that high modulus bone is developed in the first 100 time steps, and no significant update takes place afterward. It is also observed that the tips of the external threads promote high density bone (high elastic modulus) but the area between the threads experience some bone resorption in the later stages of remodeling. As the Huiskes' model of bone remodeling doesn't have an effective means to handle actual time and loading rates, the time steps in this figure have arbitrary units. Nevertheless, one can see that bone density redistribution takes place quickly, but stays stable for prolonged loading. Effects of four different implant contours on trabecular bone remodeling are presented in Figure 6 . Three smooth faced implants systems and one externally threaded implant system are considered. Details of the geometrical differences are given in the figure. Cylindrical implant with the flat apex ( Figure 6A ) results in the largest amount of bone loss. The cylindrical implant with the rounded apex ( Figure 6B ) causes a similar response, albeit with less bone loss. The root form implant ( Figure 6C ) further reduces this bone loss region with the narrow apex design. For these three smooth faced implants, high density trabecular bone develops near the apical corners, and some high density struts emerging from the implant body are found in Figures 6A-6C . The main bodies of these implants fail to stimulate the bone sufficiently to induce significant bone remodeling. A study carried out by Watzak et al. (2005) in baboons investigates the effects of surface features such as threads and chemical modifications to the surface also show similar results. Note the lack of tarbecular bone under the flat apex of the implant in Figure 6A . Watzak et al. (2005) also indicate that signs of bone remodeling at the surface of cylindrical implant were absent. Histologic studies show (A) bone remodeling around dental implant (Watzak et al., 2005) , (B) trabeculae like dense struts at implant surface (Watzak et al., 2005) , (C) and (D) bone growth around implant threads (Schenk & Buser, 1998) . (Printed with permission from John Wiley and Sons.)
The predictions for the externally threaded implants ( Figures 5D and 6D ) are significantly different from smooth faced implants. In the case of threaded design, development of high density bone around the threads is evident. Similar remodeling patterns were reported in the histologic observations of Watzak et al. (2005) in Figures 7A and 7B , and those of Schenk & Buser (1998) in Figures 7C and 7D . Note that while Figures 7B-7D show bone density increase around the threads some resorption is also observed between the threads in Figures  7C and 7D similar to our simulations. In the study presented above, the homeostatic stimulus, K, was assumed to be constant. Although satisfying results were predicted by this simplification, it implies that bone remodels toward a spatially homogenous biomechanical field, despite the fact that the biological environment (i.e. the cells and the nutrients) varies among bone sites. In order to address this issue, we used a site dependant homeostatic stimulus, K(x,y,z) in a 3D analysis of bone remodeling around a dental implant. This approach was also used by Huiskes et al. (1992) and Weinans, et al. (1993) to simulate bone remodeling around hip prostheses. In addition, we hypothesize that the site specific homeostatic stimulus must be similar to that induced by a natural tooth in its supporting bone. Therefore, the site-specific K value was computed, first for a model with a natural tooth that is shown in Figure 8A . These K values were subsequently used for predicting the bone remodeling around a dental implant system. Details are presented by Chou et al. (2011) . A three-dimensional mandibular segment was constructed from the CT-scan of the premolar region of the mandible. Same material properties and occlusal load, as above, were applied to the finite element models of bone tooth and bone implant prosthesis complexes shown in Figure 8 . The elastic modulus of the tooth and the prosthesis were taken as 20 GPa and 80 GPa, respectively; and the Poisson's ratios were assumed to be 0.3. Similar to clinical practice, the interstitial gap created by the incongruence of dental implant with extraction socket is filled with a (virtual) bone graft in the finite element model. The elastic modulus of the graft was set to be the same as trabecular bone. The mandible segment was constrained in all directions on the distal buccal-lingual plane, and symmetry boundary condition was applied to the mesial buccal-lingual plane shown in Figure 8 .
www.intechopen.com The site dependant homeostatic stimuli K was based on the strain energy per unit bone mass, induced by the occlusal force acting on the natural tooth. Next, homeostatic stimuli in the graft region had to be assumed. This assumption was based on the stimulus levels near the tooth. Therefore, a constant value K g = 0.25 J/kg was used to represent the homeostatic stimulus of the bone graft. This parameter is treated as the potential of bone graft to induce bone remodeling . Figure 9A shows the computed site specific K distribution, and Figure 9B shows the initial remodeling stimuli S distribution around the implant It is seen that the variations of the homeostatic stimuli K. It is seen that the homeostatic stimuli K and the remodeling stimulus S are localized around the tooth and the dental implant. In fact, it can be stated that a certain degree of biomimetic match has been obtained in this case. For implants with longer body-1 and body-2 regions, the remodeling stimulus is markedly different than that of the tooth . Figure 10 shows the elastic modulus distribution at remodeling equilibrium for two widediameter, short implants with different thread profiles. Trabeculae like dense bone struts develop at the implant surface and extend toward cortical layer. Implant threads show same characteristics as in 2D analysis; bone apposition occurs at the thread tips, and the regions between the implant threads are prone to bone resorption. The predicted results also demonstrate that bone remodeling is a localized event, and it decays with increasing distance away from implant surface. A histologic study by Coelho et al. (2009) reported high levels of osteoactivity taking place near the implant surface. This can be observed in the predictions in Figure 10 .
Summary and conclusions
Dental implants provide an attractive alternative to classical prosthodontic techniques in the treatment of edentulism. It has been shown clinically that the bone loss after tooth extraction is reversed by the placement of dental implant, since the first human study reported by Brånemark et al. (1977) . The mechanical loads exerted by occlusion are transferred into jawbone through the dental implant, and can potentially affect the bone remodeling according to Wolff's law (Wolff, 1892) . Therefore, it is critical to develop a sound understanding of the load transfer mechanism from the implant to the bone. It is equally important, to supply a dental implant with critical chemical and contour features on its surface. If the ideal load transfer characteristics can be identified, it may be possible to improve the osseointegration.
A systematic analysis of the load transfer along the bone-implant interface was carried out by using finite element analysis. Various implant systems were designed by changing their contour parameters. Among all design parameters, the diameter, the collar slope, the collar length and the length of the implant were found to be the most influential parameters to the interfacial variations of the normal and shear stresses. Maximum normal and shear stresses were found to occur on the buccal side of the cortical bone, as in many other studies. It was shown that both maximum normal and shear stress values can be reduced by either widening the implant diameter, or increasing the lengths of the collar and body regions.
Varying the slope of the collar from negative to positive was found to increase the maximum normal stress, but to reduce the maximum shear stress transferred along the interface. The effects of the external threads were also investigated. It was seen that the general interfacial load transfer behavior doesn't change with respect to smooth faced implants, but locally the interfacial stresses are elevated around the threads. A bone remodeling algorithm was implemented to analyze the bone maintenance characteristics of smooth faced and threaded implants. This showed poor bone maintenance around smooth faced implants. On the other hand, significant remodeling and densification was predicted around threaded implants. It was shown that the thread tips promote the development of dense bone. Total bone resorption was predicted in the areas between the threads. Similar remodeling phenomenon around implant threads was reported in histologic studies by Schenk & Buser (1998) and Watzak et al. (2005) . It appears that adequately high interfacial stresses are introduced by using externally threaded implants. This study contributes to our understanding of the complex problem of load transfer mechanism in the bone-dental implant interface and the subsequent peri-implant bone remodeling. Despite the interesting conclusions drawn from the results, the computational predictions are still limited by the assumptions and simplifications of loading, geometry and material properties made in this study.
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